Disruption of the nucleotide excision repair (NER) pathway by mutations can cause xeroderma pigmentosum, a syndrome predisposing affected individuals to development of skin cancer. The xeroderma pigmentosum C (XPC) protein is essential for initiating global genome NER by recognizing the DNA lesion and recruiting downstream factors. Here we show that inhibition of the deacetylase and longevity factor SIRT1 impairs global genome NER through suppressing the transcription of XPC in a SIRT1 deacetylase-dependent manner. SIRT1 enhances XPC expression by reducing AKTdependent nuclear localization of the transcription repressor of XPC. Finally, we show that SIRT1 levels are significantly reduced in human skin tumors from Caucasian patients, a population at highest risk. These findings suggest that SIRT1 acts as a tumor suppressor through its role in DNA repair.
Disruption of the nucleotide excision repair (NER) pathway by mutations can cause xeroderma pigmentosum, a syndrome predisposing affected individuals to development of skin cancer. The xeroderma pigmentosum C (XPC) protein is essential for initiating global genome NER by recognizing the DNA lesion and recruiting downstream factors. Here we show that inhibition of the deacetylase and longevity factor SIRT1 impairs global genome NER through suppressing the transcription of XPC in a SIRT1 deacetylase-dependent manner. SIRT1 enhances XPC expression by reducing AKTdependent nuclear localization of the transcription repressor of XPC. Finally, we show that SIRT1 levels are significantly reduced in human skin tumors from Caucasian patients, a population at highest risk. These findings suggest that SIRT1 acts as a tumor suppressor through its role in DNA repair.
UVB | PTEN | AKT N ucleotide excision repair (NER) is a versatile DNA repair pathway that eliminates a wide variety of helix-distorting base lesions, including UV radiation-induced cyclobutane pyrimidine dimers (CPD) and (6-4) photoproducts (6-4PPs) (1, 2) , as well as bulky adducts induced by numerous chemical compounds. Defects in NER by mutations cause the autosomal recessive xeroderma pigmentosum (XP) and Cockayne syndromes (3) (4) (5) . XP patients are clinically characterized by cutaneous sensitivity to sunlight exposure and a predisposition to skin cancer. Seven NER-deficient genetic complementation groups of XP (XP-A to -G) have been identified, and all of the corresponding genes have now been cloned (3) (4) (5) .
Mammalian NER consists of two distinct subpathways: global genome NER (GG-NER), which operates throughout the genome, and transcription-coupled NER (TC-NER), which specifically removes lesions on the transcribed DNA strand of active genes. A major difference between these two pathways appears to lie in the strategies for detecting damaged bases. Accumulating evidence indicates that the XP group C (XPC) protein plays an essential role in GG-NER-specific damage recognition (6) (7) (8) . Although biochemical and genetic analyses have characterized the function of XPC in considerable detail, much remains to be elucidated with regard to its regulation and interaction with other critical cellular pathways.
Sirtuin 1 (SIRT1), a mammalian counterpart of the yeast silent information regulator 2 (Sir2) and a proto member of the sirtuin family, is an NAD-dependent longevity-promoting deacetylase. SIRT1 is crucial for cell survival, metabolism, senescence, and stress response in several cell types and tissues (9) (10) (11) (12) (13) . Both histone and nonhistone targets of SIRT1 have been identified, including FOXO, p53, PGC-1α, NF-κB, and PPARγ (10, 12, 14) . SIRT1 has been implicated as an important player in cancer. However, it remains unclear whether SIRT1 serves as a tumor suppressor or a tumor promoter (13) (14) (15) (16) . SIRT1 expression is relatively higher in many malignancies, including colon, breast, prostate, and skin cancers and leukemia, as compared with their corresponding normal tissues (17) (18) (19) (20) (21) (22) . But the specific correlation is not clear-cut. Wang et al. (23) analyzed a public database and found reduced levels of SIRT1 mRNA in ovarian, prostatic, and bladder carcinomas, and glioblastoma, as compared with normal tissues. But they did not find any changes in SIRT1 protein levels in skin cancer compared with normal skin.
In this study, we used an in vitro cell culture model and human skin tumor analysis to study the role of SIRT1 in GG-NER in cells exposed to UVB radiation and in human skin tumors. Our data provide strong evidence that mammalian SIRT1 plays a critical role in tumor-suppressing GG-NER, and that down-regulation of SIRT1 is associated with human skin tumorigenesis.
Results

SIRT1
Is Required for Efficient GG-NER of UVB-Induced DNA Damage.
To determine whether SIRT1 plays a role in GG-NER to remove CPD and 6-4PP lesions, we measured the percentage of CPDs or 6-4PPs remaining at different intervals post-UVB, and thereby determined the percentage of repair, in parental and SIRT1-inhibited cells. To genetically delete SIRT1, SIRT1 WT mouse embryonic fibroblasts (MEFs) were used for comparison with SIRT1 KO cells. To inhibit SIRT1 in keratinocytes, which are major targets for human UVB exposure, we transfected human HaCaT cells with siRNA targeting SIRT1. In both MEFs and HaCaT cells, inhibition of SIRT1 significantly inhibited repair of CPDs ( Fig. 1 A and B; P < 0.05, two-way ANOVA), as well as 6-4PPs ( Fig. 1 C and D; P < 0.05, two-way ANOVA). The inhibition of CPD repair by SIRT1 loss was more profound than that of 6-4PP repair. At these UVB doses (MEFs, 10 mJ/cm 2 ; HaCaT, 20 mJ/cm 2 ) and time points (up to 48 h), there was no significant difference in initial DNA damage, growth, or UVBinduced apoptosis between WT and KO MEFs or between NCand siSIRT1-transfected HaCaT cells (SI Appendix, Table S1 , Figs. S1 and S2). Our findings demonstrated that loss of SIRT1 results in the inhibition of DNA repair in UVB-induced CPD and 6-4PPs, strongly indicating that SIRT1 is required for efficient GG-NER.
transfected with siRNA targeting SIRT1 was significantly reduced as compared with HaCaT cells transfected with negative control siRNA ( Fig. 2 C and D; P < 0.05, Student's t test).
To determine whether reduction of XPC expression in SIRT1-inhibited cells impacts its recruitment to chromatin upon DNA damage, we compared the chromatin-bound XPC levels in SIRT1 WT MEFs with those in SIRT1 KO MEFs. We found that chromatin-bound XPC levels in SIRT1 KO cells were significantly lower than in SIRT1 WT cells without UVB irradiation (Fig. 2 E and F and SI Appendix, Fig. S3 ; P < 0.05, Student's t test). In SIRT1 WT cells, UVB irradiation increased chromatin-bound XPC levels at both 0.5 and 1.5 h post-UVB, consistent with the crucial role of XPC in DNA-damage recognition and subsequent initiation of NER (7, 25) . In SIRT1 KO cells, however, the chromatin-bound XPC levels were significantly lower than in SIRT1 WT cells (Fig. 2 E and F and SI Appendix, Fig. S3 ; P < 0.05, Student's t test), indicating that down-regulation of XPC proteins in these cells decreases its availability for DNA repair. To further confirm that down-regulation of XPC is responsible for impaired GG-NER in SIRT1-inhibited cells, we overexpressed XPC in siSIRT1 cells and then determined GG-NER by measuring the repair of CPDs and 6-4PPs. Though GG-NER was reduced by inhibition of SIRT1, it was restored by increasing XPC to levels comparable to those in parental cells (Fig. 2 G-J) . These data suggest that SIRT1 loss significantly down-regulates the availability of XPC and its recruitment to chromatin in response to UVB-induced DNA damage, and thus impairs GG-NER.
SIRT1 Regulates XPC Transcription Requiring SIRT1 Deacetylase
Activity and E2F Sites in the XPC Promoter. SIRT1 is a wellknown deacetylase. To determine whether SIRT1 deacetylase activity is required for SIRT1's effects on XPC expression, KO MEFs were transfected with vector (Vec), wild-type SIRT1 (WT), or inactive mutant SIRT1 H355Y (Mut). H355Y mutation of SIRT1 destroys the catalytic activity of its deacetylase (26) . As compared with vector-transfected KO cells, WT SIRT1 transfection increased XPC protein levels, whereas mutant SIRT1 had no effect on XPC expression (Fig. 3A) . These findings suggest that the deacetylase activity of SIRT1 is required for its regulation of XPC.
To further understand how SIRT1 regulates XPC protein levels, we investigated whether SIRT1 loss decreases XPC expression at the mRNA levels and/or at the transcription level.
The mRNA level of XPC was significantly lower in SIRT1 KO cells than in SIRT1 WT cells ( Fig. 3B ; P < 0.05, Student's t test). Using the promoter reporter assay, we found that the transcriptional activity of the 1.5-kb WT mouse XPC promoter (SI Appendix, Fig. S4 ) in SIRT1 KO cells was significantly lower than in SIRT1 WT cells ( Fig. 3C ; P < 0.05, Student's t test). Transfection of KO MEFs with WT SIRT1 significantly increased the transcriptional activity of the XPC promoter ( Fig. 3D ; P < 0.05, Student's t test), further demonstrating that SIRT1 is required for XPC transcription.
Previous reports indicated that the XPC gene is repressed by the E2F4-p130 repressor complex (27) , and that disrupting this complex by the tumor suppressor ARF (alternative reading frame) stimulates XPC transcription (28) . To investigate whether SIRT1 regulates the E2F4-p130 complex, we first determined whether inhibition of SIRT1 alters the nuclear location of E2F4 and p130. E2F4 is a nuclear protein, and p130 is mainly localized in the cytosol ( Fig. 3 E and F) . In SIRT1 KO cells, though the nuclear E2F4 levels remained unaltered, the nuclear p130 levels increased as compared with SIRT1 WT cells ( Fig. 3 E and F) , suggesting that inhibition of SIRT1 increased the p130 levels in the nucleus. To further examine the role of the E2F site in the XPC promoter, sequences between −51 and +7 positions of the mouse XPC promoter, with either an intact (XPC-WT) or mutated (XPC-Mut) E2F site (SI Appendix, Fig. S4 ), were used to generate luciferase reporter constructs (28) . Transcription from the promoter with an intact E2F site was significantly lower than from the promoter with a mutated E2F site ( 2 ). *P < 0.05 in A-F, significant differences between KO and WT cells, or SIRT1 and NC cells. *P < 0.05 in I and J, significant differences between XPC and vector-transfected HaCaT cells cotransfected with siRNA targeting SIRT1.
E2F site, whereas little stimulation was detected from the promoter with a mutated E2F site (Fig. 3G ). Taken together, these observations indicate that SIRT1 is required for XPC transcription in a deacetylase-dependent manner, and further suggest an important role for the E2F4-p130 suppressor complex.
SIRT1 Negatively Regulates AKT Phosphorylation. Recently, SIRT1 has been implicated as a deacetylase for the tumor suppressor PTEN (29), a known negative regulator for the PI3K/AKT pathway, a key oncogenic pathway that promotes cell growth and survival (30) . Acetylation of PTEN has been shown to inhibit its activity and thus activate AKT (31) . We used immunoblotting analysis in the same cellular models as shown in Figs. 1 and 2 to determine whether SIRT loss activates AKT and to measure the difference in AKT phosphorylation at serine 473 in parental and SIRT1-inhibited cells. We found that, in both MEFs and HaCaT cells, phosphorylation of AKT was significantly higher when SIRT1 was inhibited (Fig. 4 A-C) ; thus, the loss of SIRT1 increases AKT phosphorylation. To determine the role of PTEN in AKT activation induced by SIRT1 loss, we reexpressed WT or mutant SIRT1 in KO MEFs to examine whether the deacetylase SIRT1 impacts PTEN acetylation and AKT phosphorylation. As compared with vector-transfected KO MEF cells, expression of WT SIRT1 decreased acetylated PTEN levels, whereas mutant SIRT1 had no effect on PTEN acetylation (Fig. 4D) . WT SIRT1 inhibited AKT phosphorylation, and mutant SIRT1 had no effect (Fig. 4E ). These findings suggest that SIRT1 decreases PTEN acetylation and inactivates the AKT pathway in a SIRT1 deacetylase-dependent manner. Loss. To determine the role of AKT activation in XPC suppression in SIRT1-inhibited cells, we investigated whether AKT activation in SIRT1-inactivated cells plays an active role in XPC suppression. At 24 h after cells were treated with LY294002 (LY, 10 μM), a PI3K inhibitor that blocks AKT activation (Fig. 5A) , XPC protein levels were analyzed by Western blotting. Though LY had no effect on XPC protein levels in SIRT1 WT cells, it significantly increased XPC protein levels in SIRT1 KO cells (Fig. 5 A and B; P < 0.05, Student's t test). Similarly, LY significantly increased the XPC mRNA levels in SIRT1 KO cells ( Fig. 5C ; P < 0.05, Student's t test). AKT knockdown using siRNA targeting AKT1, the dominant AKT isoform in keratinocytes (32), increased XPC protein levels in HaCaT cells transfected with siRNA targeting SIRT1 (Fig. 5D) .
To determine whether AKT activation plays an important role in the increased p130 nuclear localization seen in Fig. 3E , we analyzed the nuclear level of p130 in parental-or AKT-inhibited cells with SIRT1 loss. Both transfection of SIRT1-knockdown HaCaT cells with siRNA targeting AKT1 and treatment of SIRT1 KO MEFs with LY decreased the p130 levels in the nucleus (Fig. 5 E-G) . Using the promoter reporter assay with XPC promoter with an intact or a mutated E2F site as in Fig. 3G , we found that LY treatment significantly increased the transcription of the XPC promoter with an intact E2F site (P < 0.05, Student's t test), but had no effect on the transcription of the XPC promoter with a mutated E2F site (Fig. 5H) . These findings suggest that blocking the AKT pathway in SIRT1-inhibited cells suppresses the nuclear location of the XPC transcription repressor p130, and thus restores XPC transcription.
SIRT1 Is Down-Regulated in Human Skin Tumors of Fair-Skinned
Patients. To further investigate the specific function of SIRT1 in human skin malignancies, we evaluated SIRT1 protein levels in 94 human skin samples from US patients. We focused on the types of skin neoplasia that are associated with chronic sun exposure, including actinic keratosis [AK; considered to be either a premalignant lesion or a very early stage in the development of squamous cell carcinoma (SCC)], keratoacanthoma (KA), SCC in situ, and invasive SCC. These lesions were all located in sunexposed skin, such as the head, face, ears, lips, and hand dorsum. Most samples were from fair-skinned individuals, the population at highest risk for skin cancer. We used immunohistochemical analysis to determine the differences in SIRT1 protein levels in human skin tumors as compared with normal nonlesional skin. Though some SIRT1 was localized in cytoplasm, the majority of the protein was found to be in the nucleus in basal epidermal keratinocytes of normal skin (Fig. 6A) . The SIRT1 levels were reduced (score 0 or 1) in 84% of AK (21/25), 100% of KA (11/11), 100% of SCC in situ (10/10), and 94% of invasive SCC lesions (30/32) as compared with 13% of normal skin samples (2/16) (Fig. 6 B and C) . This reduction was highly statistically significant as analyzed by the Mann-Whitney U test (P < 0.0001 for AK, KA, SCC in situ, and invasive SCC vs. normal skin).
Discussion
Though the role of SIRT1 in metabolism is relatively well defined (13, 14) , the function of SIRT1 in cancer is complex, and whether SIRT1 serves as a tumor suppressor or a tumor promoter is still subject to debate. In this study, we showed that SIRT1 is required for efficient GG-NER by enhancing the transcription of the key GG-NER factor XPC, and thus may play an important role in genomic integrity under genotoxic stress. We analyzed the expression of SIRT1 in human skin tumors associated with UV exposure, in which GG-NER capacity is essential for preventing tumorigenesis. In a wide spectrum of UV-associated keratinocyte-derived neoplasms, we demonstrated that SIRT1 expression is significantly reduced as compared with normal skin, implying that loss of SIRT1 may contribute to human skin cancer. Taken together, our findings suggest that SIRT1 is a potential tumor suppressor in cutaneous oncogenesis.
The yeast Sir2 and its mammalian homolog SIRT1 have been implicated in DNA repair. In yeast, Sir2 is known to play an important role in DNA damage repair (33) (34) (35) . Histone and numerous nonhistone targets have been identified as SIRT1 downstream pathways (12, 14) . SIRT1 in mammalian cells has been shown recently to be crucial for repair of double-strand breaks (23, 36) , possibly through deacetylating main targets, including Ku70 (37) and NBS1 (38) , two proteins involved in the regulation of repair of double-strand breaks. Using genetic and siRNA knockdown methods, we found that SIRT1 loss disrupts the GG-NER pathway for eliminating UVB-induced DNA damage. In SIRT1-inhibited cells, we found that the expression of the key GG-NER factor XPC was significantly down-regulated at the transcriptional level.
Although the direct biochemical mechanisms underlying human GG-NER and the functions of XP proteins, including XPC, have been elucidated to a considerable extent, the in vivo regulation of this repair system has remained elusive (39) . Considerable evidence has shown that XPC abundance is critical for efficient GG-NER, and thus for preventing UVB-induced skin carcinogenesis (7, 39, 40) . Haploinsufficiency of the Xpc gene is a risk factor for UVB-induced skin cancer in mice (41) , suggesting a significant biological consequence of XPC down-regulation in increasing skin cancer susceptibility. Induction of XPC facilitates GG-NER (28) . We found that the reduced XPC abundance in SIRT1-inhibited cells clearly impairs the capacity of XPC recruitment to chromatin post-UVB damage as compared with parental cells. Increasing XPC expression restored GG-NER capacity of SIRT1-inhibited cells, indicating that XPC is essential for SIRT1 to positively regulate GG-NER. Recent studies using high-resolution mass spectrometry have identified 3,600 lysine acetylation sites in 1,750 proteins, among which are 167 acetylation sites in 72 proteins, including GG-NER proteins DDB1, DDB2, CUL4A, and RAD23A (42) . However, it appears that histone deacetylases (HDACs) may play critical roles in regulating GG-NER (43, 44) , further supporting the conclusion that XPC is the major target for SIRT1's enhancement of GG-NER. Recent studies have shown that loss of XPC inhibits DSB repair (45) . Thus, in addition to GG-NER, regulation of XPC levels by SIRT1 may play an important role in preserving genomic stability by enhancing the repair of double-strand breaks (23) .
Our findings also suggest that the regulation of GG-NER by SIRT1 involves a p53-independent mechanism. p53 is a key tumor suppressor and effector of DNA damage responses as one of the key downstream pathways of DNA damage checkpoints (46, 47) . Acetylation of p53 is indispensible for its activation (48, 49) , and p53 is a substrate for deacetylation by SIRT1 (14, 50) . Therefore, SIRT1 has been proposed as an oncogene. However, the complexity of p53 signaling and the identification of numerous other SIRT1 substrates complicate the function of SIRT1 in tumorigenic pathways (13) (14) (15) (16) . In the MEFs used in this study, which have WT functional p53 (51), SIRT1 deletion inhibits GG-NER in response to UVB irradiation. Similar inhibition of GG-NER was detected by inhibiting SIRT1 in human HaCaT keratinocytes with UV-type p53 mutations (52) , causing defects in transcription from the promoter of the cyclin-dependent kinase inhibitor p21 (53) . These data suggest that these UV-type p53 mutations have little effect on the regulation of GG-NER by SIRT1. This finding is consistent with previous findings that, unlike fibroblasts (54, 55), human keratinocytes do not require p53 to maintain basal GG-NER activity (56) . Considering the frequency of p53 mutations detected in normal (nonlesional) epidermis (57), the role of p53 in SIRT1 function in skin carcinogenesis needs further elucidation. Similar to p53-independent mechanisms causing the embryonic lethality of SIRT1 mutant mice (23), our findings suggest that p53-independent pathways may play important roles in SIRT1-regulated GG-NER. We have shown that loss of SIRT1 promotes activation of the oncogenic AKT pathway to mediate XPC down-regulation. AKT activation resulting from SIRT1 inhibition is critical for the increased nuclear abundance of the E2F4-p130 repressor complex (27) . Consistent with these findings, mutation of the E2F site in the XPC promoter abolished the effect of SIRT1 inhibition and AKT activation, suggesting that inhibition of SIRT1 down-regulates XPC transcription by activating an AKT-dependent E2F pathway. The deacetylase activity of SIRT1 is required for its positive role in XPC expression. We found that SIRT1 decreases the acetylation of PTEN, a negative regulator of PI3K/AKT activation (58) , and thus increases its activity to inhibit AKT activation. SIRT1 has been demonstrated to interact with Rb (retinoblastoma protein), as well as its family members p103 and p130, and to deacetylate Rb (59) . It is possible that SIRT1 also acts as a deacetylase for p130, and thus plays an important role in regulating the function of the E2F4-p130 repressor complex in XPC transcription. Considering the critical role of phosphorylation in Rb proteins (60, 61) , AKT may phosphorylate p130, and loss of SIRT1 may increase the acetylation of p130, thus increasing nuclear p130 levels. Further investigation is needed to fully elucidate the mechanisms of XPC regulation by SIRT1.
Our data support the conclusion that SIRT1 is a tumor suppressor in human skin cancer, because SIRT1 is significantly down-regulated in a wide range of keratinocyte neoplasia. In fair-skinned patients, SIRT1 loss may be an important event in human skin carcinogenesis. This trend of SIRT1 level reduction in skin tumors in fair-skinned patients was not seen in a Japanese patient group, suggesting that genetic and environmental/geographical factors likely play important roles in SIRT1 expression and function in skin cancer (22) . A similarly complex function of SIRT1 has been reported in colon cancer, in which SIRT1 is found to be overexpressed in primary tumors (21) , but downregulated in advanced carcinomas (62) . Although SIRT1 has been proposed to be a tumor promoter in prostate and skin cancers in Japanese patients (19, 63) , recent studies have shown that SIRT1 expression is reduced in many malignancies other than skin (23) . Interestingly, our findings indicate that SIRT1 loss occurs in both the early and late stages of SCC, suggesting that in Caucasian skin, SIRT1 acts as a tumor suppressor.
In conclusion, our findings demonstrate a biologically significant role for SIRT1 and a unique molecular regulation of tumorsuppressing DNA repair pathways by SIRT1, and suggest a rationale for potential use of SIRT1 activators to prevent skin cancer. These modes of regulations by SIRT1 are expected to contribute to a better understanding of skin tumorigenesis in humans, and may lead to a better strategy for skin cancer prevention. Furthermore, our findings may yield unique insights into the precise function of SIRT1 in other types of cancer, as impairing XPC/GG-NER capacity may play a key role in increasing susceptibility to carcinogenesis in various organs, including skin (3) (4) (5) , lung (64) (65) (66) (67) , and bladder (68) .
Methods
Human Skin Tumor Samples. All human specimens were studied after approval by the University of Chicago Institutional Review Board. Formalin-fixed, paraffin-embedded tissue blocks were obtained from the archives in the tissue bank of Section of Dermatology, Department of Medicine, University of Chicago. Non-sun-exposed nonlesional normal epidermis, AK, KA, and SCC were used for immunohistochemical analysis of SIRT1 protein levels.
UVB Irradiation. Cells were washed twice with PBS and then exposed to UVB radiation (UV stratalinker 2400 with UVB bulbs; Stratagene) at different doses. Control samples were sham irradiated under the same conditions. The UVB doses were monitored weekly using a Goldilux UV meter equipped with a UVB detector (Oriel Instruments).
Determination of Two Major Forms of UVB-Induced DNA Damage in Genomic DNA by ELISA. Cells were collected at different time points post-UVB, and DNA was isolated using a QIAamp DNA Mini Kit (Qiagen). DNA concentration was calculated from the absorbance at 260 nm using NanoDrop 1000. The CPD and 6-4pp in DNA were quantified by ELISA with monoantibodies (TDM-2 for CPD and 64 M-2 for 6-4PP; Cosmo Bio Co.) as described previously (69) according to the manufacturer's instructions. For examining repair kinetics, the percentage of repair was calculated by comparing the absorbance at the indicated time to that of the corresponding absorbance at time 0 when there was no opportunity for repair and 100% of the CPDs (or 6-4PPs) were present post-UVB.
Statistical Analyses. Data were expressed as the mean of three independent experiments and analyzed by Student's t-test, ANOVA, and Mann-Whitney U test (for data from human specimens). A two-sided value of P < 0.05 was considered significant in all cases.
The details for cell culture, immunohistochemical analysis, siRNA and plasmid transfection, isolation of chromatin-bound fraction, immunoprecipitation, cell growth and apoptosis, cytosolic and nuclear fractionation, Western blotting, real-time PCR, and luciferase reporter assays can be found in SI Appendix.
